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The r:eport..deals with an experimental method-of.:meas- =' 

uring*-both the arithmetic mean.velocity and the:instantane"- -7 
ous velocity of.,palsating flow and .with the instr'uments.de-' 
veloped-for:.this'purpose. . ,." . :z:..- . _ * 5 -z- r-- -1 

, .*, . . i - . . :: _:-.- - .' . --,. .- I a.. -_ ..- _ - . - .- .<. :: I. __ 
.-F :'R~circuFt fQr,,a-hot-wire anemometer applfcable:ti3he .- 

meaiu~em~nt:of.~~~uctu'a;tf~g.flow is described..::The princi-.-. -' 
pal :elements:-of :fhe:;c:irc.uit .are a Uheatstoae .br.kdge, 1one.z: i.: --"_ 
branch ;o.f:-whtch..is .:the :hot wire, $nd.a.a~elect~r.onrc..-amplif.ier- 
and a current regulator fcr thei bridge cur~ent--wzhJ:cb in :dorn+ 
bination maintain the bridge balariccd. Hence the hot wire 
ir3:kep.t Lat.-*p,raot.;tca.l& .constant -qee%stance and:temper.at,qr.e, 
and .th:e..t.ima..lag :oaused.by thermal. inertia .of t&he wire .i.q ai. . 
therby reduced. , .. ,, : _e i . _.. . ..i . . _ . . . . .:. '. *. . _ =I -.. . -_ * I.>. .Li & -- . . :- 

Through the addition of a nonlinear amplifier stage the 
reading of the instrument has been-rendere-d proportional to 
the velo.city. 

. ..,..I ,':3 
A discussion of static and dynamic r'esponse of the cir-- 

cuit and of directional characteristics of the hot wire is 
given..., Cakculated char.acteristics.are rela.tedaIto--the- re- 
sults of calibration ,trests,,- .-: .: L :.: . yt--. _ _ ? .c -. 

- 

. '-Hsttwire-.qteas~remente;!of mean velocit.y:and of the.-ve- . . -, 
locity profile of instantaneous velocities .were qbtained at 
the outlet of a rotating axial flow blade grid and correlated .._ 
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Frequently It is necessary to determine the mean veloc- 
ity in a stream of fluctuating velocity. If the direction of 
flow remains constant, the mean velocity may be determfned 
from pitot tube measurements, provided the magnitude and chnr- 
acter of the deviations from mean velocity .are known. If, 
however, both the velocity and the direction of flow vary over 
a considerable range, for example, at the outlet of blade row8 
or compressor impellers, conventional methods of aerodynamic 
measurement fail to give accurate' results. 

It was for the purpose of developing a satisfactory method 
of measurement in Instances similar to that cited that a pro- 
gram of investigation of the hot-wire technique was undertaken 
at Case School of Applied Science. This work v&s carried out 
under the auspices of the National Advisory Commlttee'for 

~ Aeronautics, which also provided funds, Of necessity the &as- 
urement of instantaneous velocity prefiles has been ihcluded 
in the,,program. Because of repeated delay in the delivery of 
testi,ng equipment ,it was not possible to extend the investi- 
gation to velocitiies of the erder of sound velocftles, as in- 
tended. Instead the analysis of the instrusent characteristics 
has been developed in detail, which should simplify further 
work in the high-velocity region. 

s .' 
The laboratory work'and the csFculation were carried out 

by Mr. B. 3. Carleton and Mrs. 3’. Sdott Rodgers, research as- 
sistants at Case School of Applied Science. 

THE HOT-WIRE INSTRUMENT' 

The Component Parts .: .: ,' ': 8 :. '.. -. :: .' 
. . ,I * 

The hot-wire instrument 'c.onsists, of th.e f,oll.owing corngo- 
nent elements shown schematically in figure 1: 

(a> A Yheatstone brijdge, :ono ,branch of which is formed 
by the hot wire *." . i-1: i. L 

(b) A regulating circuit for the bridge,current, includ- 
ing a battery or power sup?iy and an electronic 
valve 

a 

. 

(cl An electronia direct-current amplifier operated by 
slight variations of the unbalance of the bridge 
and controlling tha current regulator 
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l In addition to the above-mentioned three components 
which constitute the basic circuit, an additional element * 
also shown in figure: 1 may be provided; namely, ' . 

(d) A nonlinear amplifier stage; this“stage is-,r.equired- 
only if instrument characteristics.ot'her'than ' . . those resulting from the heat $ransfer chara?-- a" 
teristics .of the hot..wire ar,eedesired andltiakes 
it possible, in combination.trith the basid cir- 
Elxit , to obt'a9n r$adings proportional to the - 
wind velocity, past the hot wire. 

Principle of Operation 

If certain dynamic.-'effects discussed later..are-,neglected, 
the opera%.ipnl.,of~ztherbasic.cir.cuit can,be explained as. foLlows: 
The circuit i;S.,assuned. to be.,operating,st a given condition. o:f 
equilibrium. Then a disturbance, such as may be produced by 
a change of: se.lodity,past $he.hot wire occurs'i causing a vari- --- 7-- ation of resistance of the hot wir'e and conseque?iXly a vkria-' 

. tion'of potential.bEt&een 'points (2) and'(4.j 'of the-bridge 
(fig. 1). This electric Ympulse'fs iransaitteh and ati$lified 
by the-amplifier stages. A variationyof the potential between 

* grid'and,:cathod.e of the. chrrent-rb'gula%ing tubes-and a-corre+ 
sponding variation of th'e hot wire. &3Te,fit'is -the:resulfi' The 
resistance of.the.ho% wire is ther-eby varied in such-a way as 
to counteraci tfie"or'ig.inkl ais~urbande~~~and a- neti: o‘bndition 
of equilibrfum'ig estiablished. Zy'properichoic6 of tfiK&mi- 
fication ratio' of'~'the"amp1ifier'i.t is Possible;'tiithiii oirrtain 
limits'imposed~.#y:fub~ charaoteristics and:stability ofathe 
circuit:'; to make:.the'diffsrence between the h'ot-wrire resist- 
ance"oP the--original and'fhe new position oI:eQuilibrium'very 
small. The'h*otTtiSre Y?ohsequently operatbS.-,es-B~n$fall~ at con+ 
stant resistance-that is, at constant temperature, s?"' :' ' 

In addi'ti'oi,..%'o ihe ,e*$'uotion -.hf fiuotua't'ion of"hot&ire .- 

resistance,' fhqg+g i~‘~~~.d.brreshondil?$j r.ed'uct'%d~ ?of"the tine lag 
of response to.v'ariat'idn' of tii; condition of bi;br%tioh:,.Pro- 
vided the effect of capacitances in the circuit is also kept 
small. . This provision!,#s.nec~ssary because the magnit.ude of 
the time.lag-depends bothupon, the residual thermal inertia. 

.". of: *he wire and upon the eff'ect of1such capacitances. . . . . . . . ..I . . .- . 
,. I . ,:-.. ‘-:- 

Hot wire readings with the basic circuit are obtained by 
m'easuring;: direct*l.g; .ths.heat.ing. current 'or.:.by, measuring a qua& 
tity proportion?&1 to it*;" such' d,s.: the.*grId..voltage, of.'the cvr- 
rent-regulatbe tubes;: with,. resp&ot to. the' ground.,* <I - -. 

,.. 2 . . ;. . . . - . ---- . * i.-;,i f r- 2 :. ... -- :';: ; , I- - - -- .T ._ i‘- : 
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In order to obtain a reading linear with velocity, use 
is made of an additional amplifier stage,. item d of the. pre- .,.: 
ceding sec$ion, operated in a range-of its characteristics, 
in which the exponent of the variation of plate current with 
grid potential, expreesad in exponential form, is equal to the 
reciprocal.of the exponent relating variations of heating CUP 
rent and of velocity past the hot wire.. Tubes, such as those 
listed in tables I and II, were found to have a suitable ranye 
in which stable operation may be obtained, Vhen ndjueted for 
linearity between reading and velocity, the circuit may be ex- 
pected to measure the mean velocity of fluctuating rectilinear 
flow. 

The Circuit 

(a),geatures of design of the hot-wire oirquit.- Circuit 
d$agrams and oircuit conetanta of the hot-wire instrument are 
given for two vernione of the,.instrument: namely, 

. 
' ('a) For battery operation, figure 2 and table I 

:(b) $or op‘eratfon from 110-V alternating-current 
~J-KPPlY, figure 3 and table IS I 

The two circuits are alfke except for.devf.ations necessitated . 
by the different.forme of.powar supply. . 

The bridge was de$iined with a.view to keeping the input 
impedance of the amplifier Low and to obtain a' temperature 

, 

adjustment which would stay constant over a sufficiently long .- 
period. The'adjuetable air condenser was provided to effect ' 
close balance of the bridge for alternating current, and a .' 
second condenser.fn the grid-leak circuit of the amplifier t0 m: 
compensate for,the effect of interelectrode capacitanoe in the 
amplifier. 

The design of the nonlinear stage was governed by the de- 
sirability of having one terminol of the output (i.e., the 
ground con'nect'ion of the cathode-ray'oscillosoope) at .ground . 
potential< . . . 

From operating experience with both versions of the hot- 
wire instrument .ft WAS concluded.Jthat the battery-zoperated in- 
strument as designed has a lower tim9 l~gthan Lhe alternating- 
current Supplied instrument. 

It 'iqas found; howev.er, 
. 

to r,e-quire freauent. adjustmsnt of . 
bridge balance to cqunteract qoltage.drop..of the. batteries. ' . 
Short 'effect, which is of neg:ligible magnitude with fresh. .- 
batteries, increase9 rapidly with age of the batteries to an 

, 

. 
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c order of m&gnittidis'e~ti&l'~fO 'that of the aignal;i'%ith the 
alternating-curreht*-autiplied instrument itSwd3*po6%‘Bbl'e.to 
maintain bridge GdJust'&enf, indbfinitely'ondb &Xl,tubea'had 

. reached their equilibrium temperature;. howevei.;-"it.hBs',a- higher 
time.lag and an alternating-current hum which p$&6iud6d the 
investigation of the high-frequency fluctuatidn,Of imali am- 
plitude. i . . I ' .‘T ’ ‘Y l *.-22 

(b) Design of.power packa.- The power p&Oks:(fI~~Y~4~~ 
were designed to meet the following require'menfs~:: '- :_: . . ' : 

(a) Maximum insensitivity of output voltage t0 * :' 
variations of inIjut 'voltage .'* " '--: "'. 

: . - 
-(b) ,Wfnimum alternati,ng-current rippie I 

Cc) Minimum time lag of response-to variations 
of Icad , . . . . . . . . . 

These requirements were established after an investigation Of 
the effect of power pa0k characteristics ugon operation Of-the. 
hot-wire instrument. They were found to be more exactj.ng than 

0 those,,pr$iuaril.y .appli.ed. t-o, power-pack charact,or%,stics and 
there-fo're necessitated the *development of..ppecial circuits. ' _ - 

The basic desAg;n of-al&-.t*hree gow,er-packcircuits is iden- t tic-&l'. '. $achS“$Owe<'-pbck 'c'bn.s:ists' of the' :.f.Olf@~i-n‘g elemenfa :. .: . 

Mafn auxiliary Pt.rafs,f..ormBers ..,..:",'I..... .- ; . 1. - 
_ . . .! + ;.=.L.-.. . _ _ - i -_ ; 

Rectifier tube' '. :: ..' * :' -* _ ;. ,r I __-1. 

Filter . . ., . 3 - :..: 1. 5': 

Constant-curre;?t. devPice, con'sist5ng' of an e~P:eotronic '.. 
.tube and associated elements, such a3 a voltage reg- 

ulator tube for the screen circuit-"'""". r:. 

V,olt~ags-reg~1~~-or~_tube.cir~uit.pa.ra~l:el tO.'the output '. . . . . _" .I 
Difference of output capacity 'And o'f-the ‘iocation of 

ground. c0naeotiO.n. repulted in. car.tain d$f.fereace&.:in the de- :- 
sign of the circuit, among themthe f0lILowfng-- The current- 

. regulator-supply power pack has four voltage-regulator tubes 1 
in parallel Capable of supplying a,tQta~'o~.-100,milliamperes " 
output. The resistors placed in seriee with these -tubes in- t 

. sure firing of all tubes as the'..p~w~r'.pdc~~i~-'e-~~rgIzed and 
approximate equa,lity of current through $s+ch,at any load con- :? 
dition. A separate screen suphi5;..for'the'~urreh~rregulatOr 
tube was provided, We.,qo&tage .Qf-.whiClh,iq.,_iq~,flpndent of the! 
output"iuIthin. cl0sef limits fhan that'-C,~'the,plate'supply %f 
the current regulator. 

.,. ,~. .* 

._ 
y ,... :. . ., ., . : ; ‘. ’ ..*L _ : :_ ~. F’._‘-r _ ._ . 
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The circuit of the power pack for-the screen an-d plate 
supply of the direct-current amplifier.differs from th'at for '., 
the grid leak, apart from differences of the. value.8 of cer- " 
tain' circuit constants, by a condenser 0, (fig. 4). Thin 
condenser serves to eliminate a ripple,. anh also decreases 
the timeflag of response to variation of.output. 

The relay in the current regulator supply was found neces- 
sary to protect the screen leak ,VR tube, during the warming- 
up period of ths powerpacks. Dynamic response of the power 
packs constant current to variation of load was tested by oon- 
netting valve, a curr'ent amplifier circuit controlled by a 
square wave generator to the output and measuring the time lag. 
In all cases the time constant (see sec. on Response to Fluctu- 
ations of Velocity) was found to be less than 1 'X 10°F; second. 

ANALYSIS OF OPERATING CHARACTERISTICS 
. c .: 

: .‘, 
. . List of Symbols 

. •t . . ., 

A 

B 

0 

Of> 

C 

cP 

Dl 

d 

E 

e 

fl I 

G 

tube in hot-wire circuit for battery-operated ' . 
hot-wire instrument 

filament switch in-circuit for battery-operated 
hot-wire instrument 

1 

equivalent capacitance in circuit 'for battery- 
operated hot-wire instrument 

drag coefficient 

- constant in King's equation (2) 

specific heat 

milliammeter in circuit for battery-operated 
hot-wire instrument .#. 

microammeter in circuit for battery-operated 
hot-wire instrument r 

r . . . . 
diameter of.kire 

* : 4 . 
' . . . . . * iL 

steady flow.voltage : ..e-' ' -' ; . : . , 
- - 

instantaneous voltage 

f 2, f3 non-dimensional ratios of heating current to 
velocity 

, ' 

galvanometer in hotcwire circuit 
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f 
.’ . I. 

. . :. 

g'm over-all transconductgqc-e o,f,.,ctrc$t :,... ..I~ . . - 

eil)or transconductance of current regulator valde '.- ~ 

H quantity of heat 
7,:. i . '....-. 

,. * ., . I : 1. 
I. instantaneous heating current 

..! -I. .-,; .'t' * . . 

10 heating current at eero ai+ velocity. 

&I =,yz . . : 
,_. . . -.’ 

k 

1 

M 

m',, - 

n = 

R 

F 

Ra 

Ro 
8 

8 

T 

TO 

t 

V 
z 
a 
u 

6 

in/n : ‘_‘,‘. .._. - ‘: I _ 
K 7.b .stratn sensitivity of wire' 11. i': .L. : . , :, .; .- :- 

/&t/2. . I ", I' 
-. . 
: -.. 

-1: .. ,:. . _' d :- -. -_ 2 -. 
: -I . . . 

-2. I.“= -. 

.constant .in Ring"s squat'ion (,$I -' .- -,1. : : 
., 

. 
.'._ I ; ~ .'* 

. ..- I _.-_. '1 
.I length of wire 

.: .,. . . . 
; I - ': -,a -. . . ,: . . . . . 

t im'e cops‘t ant , 
.1 T.‘ - : .: ;;. '- 

.a ec :.- '(2 . .L -+-+ 
. mass oPh'ot wire . .- 

* .- . .- -, b.... .*'c . 

. .s ,: - ; -- 
instantane.&s resi.stance of hot ,wire ct.+ ':'. .I'. - 

. 2 - ‘: . . . 1. *: .I. 
mean ohmic resistance of hot' wire, 

.- 
. : 

,:.resistance of hot wire at temperature oP.a'm%i'snt ..: 
air 

. : ,'- , . . ._ '. .; .. . ,-. .; '.r 
: Resistance o'f h,eated'wire a$, zero,veldcit$ .-- ---:_ - . '. * 

:pcwer.supply termfnal .' 
. . ..= .- - _. . : -. . 

maximum sag of.wire" . . ,:* . 

temperature, of wire 

air temperature :. 
.- 

time .' ,j I . _..... . i. _ 
i veloditjr ftjsec i';,,;s -: 

'. . . :-' . . 
. :_-.-: '. .-. :-- :;',.. b! 

imgbdance of hot w92.e 
.i .* ----- : -.. .- 

,,. _' -. 8-F : a.1 
temperature coefficient of resistivity - : ,* . 
tensile. stress. . ; .' '.- . : . -. 

angle of incidence . 
c 

VP, cp,.; @pa :’ 70vei;'-C!.X phgse ia'g'cf"simple harmonic signal, of 
hot wire, and of amplifier, respectively 
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P mass density, lb sec"/ft' 
. 
L . . . . . . : , .,..:. .,.:r*. * 

0 angular velocity 

n . I : ,. 
resistance, 

- ,” b ., 
Ohms 

Subscript r ' . . . I - . 

cr current regulator valus *. * 

Strength of Hot Wires at High Velocities 

In testing hot wires ,of p'latinum in air,'et'reams of high 
velocity the Observation was made that new wires, which were 
soft-soldered taut between their supporting prong6 acquired 
a slight sag from sxpo6urePto a etruam of 200 and' even 150 
feet per second velocity. As this oould not be ascribed to 
failure of the.soldsr joints, it w&s inferreti that. the wire 
wa6 stretched. firther increass.in velocity.would increase 
sag until whipping of-the wire occurred, which then :nrould 
lead to breakage. klatinum wire of's lengthrdiameter ratio i/d 
= 1000 would fail consistently at velocities excseding 300 feet I 
per ssoond. No stretching of tungsten wirs.y,aa observed after 
exposure to velocities from 500 to 800 feet per seoond. 

(a> Equation for strength,charactsristic6:of hot !qires. 
i 

In order to establish a general rslation6hip for the strsngth 
characteristic of the hot wires, it is assumed that breakage' 
of the wire occurs as the aerodynamic drag CAUSSS the tensile 
etress in the.wire'to exceed the safe maximum limit for the 
metal. Let it be assumed further that the curves of the wire 
under load are gimilar - that is, that the ratio of sag p , 
to length 2, is constant. ?he following relation may be es- 
tablished by the approximation of the curve by a parabola: 

hence 

(b) Maximum permissible length of hot wire.- Equation 
(1) may be used to calculate the maximum permissible length 
of a hot wire. To this end the following values have been 
assumed: 

1. Reynolds numbers for hot wire.6 c-over the range from 
10 to 50. 

: 2,. Corresponding drag- coefficients are from 3.0 to 1.2. 
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3. Calculations were carried out. for, CD t 1-q; if desired, 
results may readily be corrected for any given value 
of CD' . 

4. In the absence af .specific information it was'assumed, 
that a sag eq&)to l/lm of the length.of'the wire . ..I : . 
cogstitutes an acceptable operating oondition, and 
calculations have 'been carried out for this value, 
t/p = 100. 

-P 

The limiting velocity-.fof safe'operation of the hot wire in 
--- respect to breakage was defined as the velocity of an air stream 

of standard sea-1eve'l"'density prodtia?&g a.tensile' stress in the 
wire equal to the yield stress of the material. The tensile 
strength of*f& wires varies-a great deal-as a result of the 

_-- 

drawing pr9des.s arid the subsequent annealing of the.wires for.si: i- 
purpbses of agixg'befoye~its use. 

; ; '- 
The* figures given i+ .th?-fo.&-,m... .,.l 

lowing table are believed to regresentaverage. values: ;, ~ ;:,, 1-- , -. 
se .- : . , -. 

_ .. W TFZNSIL;E STRESS A?? STRAIN FROFXRTIiB OF ,tiT KIRES‘ ' .;- ; .i, 2 :. . : .,. r: ., 
. Ultimate Yield *. . xodulu~ br.::, .:: -2 
'. Material ; '. tensile strength ,-_ ., elasticjty : L. :! JI 

. L .: strength 
*- $psi)':. . 

. 'I 
20,OOG to 3.0,QOO a8 10-w as 

'. .P&itinum~ . annealed 5QOCl drawn 

':'a ; 3,00b.. ,?yd: dr;+gy annealed. ' . . - .-, .:-- 
. -.-- ..,_ I-. 

: ,.. 
215,000. &ii&& -God' 500,000 hard' ,. *51;h x 10.' CT. .'. 

0.3 inch diameter drswn wire drawn wire. -. -: . . 
O.OOl& inch ..'TTungsrtsn :5.9o;OOQ:ha~d drawn . ds.ametel,. 7 ;: ? .r (' . 

. . . wireGOOll& ,inoh i * 
: . diameter .' :,, . .I 1 J ;- 

. . -. . i<.. 
,'.: '. . . .: 

jr :.- ~ -. . . ', ,.' : 
. -bd the .hasis df the 'data'.& 43Gs.,tib.Xe,: 

* --:---' -: 
cqutves. havebeen .-..i 

'RiGed in figmel- giving max&mi;operating velocities versus 
length-d:~~~t'er.,ratib fbr vario& yie:l;d:.s&resses. .. These data 

._ 

' lead 50 *the. ctjnc.l&sion thatplati?mm:wi~e may.be use.d at r.ela- .-:.'- 
tiveiy ~IoW~~khoitl&s~; whereas tungste.n,v{ire is:,a&li&able for - .,:::: 

: vel;y, high ai- ve;l'ocities.: ' : ; ! :. ..I-- ': ., j. ;. 
_ : .: -; .:.:-. .:-: 

.I .' .,, . : :. _-- . . 
.. ._ _-. . 

(0) Strain semsiti'vity;~ 
. 

.It,is. l&&i Ga't: Lie 'eleotr‘io‘ 
L,,-l-. .-I'r 

. .,L 

a.; -I.. . . . . 
IL. 

,I 3 r. .:” ;,: : .-5 r - : * 
., r ,’ ‘:* 

:-L. ;: 
. _._ . .- 
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Unit resistance change = An/sa = K 
Unit strain change a/a 

(See reference 3.) This strain sensitivity forms the basis 
of strain measurements by means of wire strain gages. In rof- 
erence 3 the values are given for the,above ratio for strain 
gage wire; namely, I 

K ! . = 2.15 for cupronickel wire 

ICE 3.6 for isoelastic wire 

Since corresponding values for tungsten wire were not 
discovered in the literatur%, a simple test was made for the 
purpose of identifying strain sensitivity and of establishing 
its order'of-magnitude for this material. 

A tungsten wire of 0.0011 centimeter diameter was sub- 
jected to tensile loads. At the same time $1 constunt current 
Of 20 milliamperes was passed through the wire and the voltage 
drop -was' measured. The temperature of the wire was but slight- ~ 
ly in excess of room temperature. No tests were conducted at 
normal operating temperatures of hot wires. The tungsten wire 
was subjected to tensile stress of from 200,000 to 400,000 m 
pounds per square inch. The strain sensitivity was calculated 
to be K = 1.7. 

The calculated percentage varia.tion of tungsten wire for 
an assumed change of tensile stress..of 200,000 pounds per 
square inch, based on.'.the measured stra.in sensi.tivity is 0.57 
percent, 

Strain sensitivity will'affect the heating current of a 
hot wire exposed to a high velocity air stream. From King's 
equation (see sec. on Static Response Characteristics of Rot 
Mires at Constant-9esistance~'Operation) it is seen that an 
increase of the tension in the hot wire due to the impact. Of 
the air oauses an increase of its,resistance R &d. ,for, a 
self-balancing bridge circuit a corresponding decrease of the 
heating current. This deviatio-n from King's.equatipn is shown 
schematically' in a graph of the square of the he.ating.current 
versus the square root of velocity (fib. S>.* This effect may 
be as high as 1 milliampere and apgears to make itself felt 
in calibration cu,rves. XSee fig.. 1.2, cprve, d)., The 'effect . 
of strain sensitivity may he.minimiegd.by reducing the 
length-diameter .r$tio .of'the hot'wire.. Use may bo made of 
the graph (fig. 5) in conjunction with the data of the pre- 
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ceding table on:'Tensilg Stress and Strain Properties of Eat - 
Wires in selecting a satisfactory lengthydiameter ratio. 

. . 
(d) Method of mounting tungsten wire.2 Hot wires of 

platinum and nickel were mounted on their supporting prongs 
by soft-soldering. This resulted in a connection which from 
calibration teets app:e*ared to b8 satis,fact:ory both in regard 
to mechanical.strength'.of ;the.:connec~bod'+~~$ in regard to 
its electrical resistance within the range of velocities for 
which these wires are applicable. The rang,es.vmog velocities 
are ,lfmited by the tensile strength of th~~,,ho_t-wire itself. 

,;pf-.f d;\! - '.. . 
'@dGGjder'ably more..dtfffculty -was en'countered~inattsm~t- 

ing t.o;:,fgount.hqt wires of tungsten.. Two m&hod&f~mdunting 
tungsten.‘Fire wgre'investigdted; narnely,-~iie.~~~~t-rcreld‘r‘~g 
method,,.' and ,-a special method described her'eafter .<ermftt.ing ' 
soft-sol'deriqg o.f.the hot wire. 

t . ,,. ,--: _, - 
The w.eldSsg, o-f tungsten wire was done by a v~.e,sy simple 

welding d'evic'e' in which the current and th,e .fus.ion time 
could be' controlled only very crudely,, As a con@eq.uence, 
the prongs or .th,e tungstsn icrire would,bprn,and -the:probabil-. 
ity of obtaiping,two satisfsctory weld~l~gd,g.~aut:wire yas 
low. It'is bglfevedx,however, that neat Gq$as could be ob=- 
tained with,ti~l~yeldfng device. allowing cardful'control of the 
conditions. Rdwever , since such a unit was qot.available, 
this possibility~.wasnot pursued further. '- 

A second method of mounting tungsten wire,~~aEf,.developed 
as a result., o,f extended 'e-x~ez&i~e,ntal investiga.t.i,o.n,: n-in the 
course.,'of.,yhich more than, .f*iTty:.wires were mountle& an.d subse- 
quently.te.e,ted in an airstrsam 'of u-p-to 600 footL&r+seoo.fi'c2.. 
velo&Yty:F ':'It was recognized tha't e'ho~-wire,,bonnecf-i~o~q to.'. 
be satisfactory for use in high-Liel%c%ty airstr.eams, rnus.5"': --- . ..-- 
have two'discrete properties; namely, it must have adequate. 
strength and.its electrical resistance preferably should be 
negligible compared with the resistance of the hot wire., or 
alternatively, it should be .low'and: constant. 

Nhen attempting to soft-solder t&&t.eh wire it_was 
found that soft-solder does not readily,,a+dhere to tungsten.. -. 
This condi,tion appearee:,to:\be 'a&ray&e6 yfj~r.' certain samples 
Of tungsten &ire which-.'w&e ,b&~av&$ f~h~~~&~ccuired.:a coat. -. 
of tung?ten oxid'e. _<.. : . -.- . : .:' ! ": .,- ,*-;' ,r ,::U.,,Y.- . _ . -. ;; . . . .: ,+ ~_.. - 

I . y.;< ; .j ; .i '-- i * . .'-l 
A'method'rcf obtaining a satis.factory corm-ection between 

tungsten wire and its prongs which takes account of the fore- 
going considerations is described with reference to figure 7 

. 
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by enumerating the various steps of the technique of mounting 
a tungsten wire of 0.00061 centimeter diameter: 

1. Pickling of the tungsten wire in hot aqua regia solu- 
tion to remove the tungsten oxide. Duration of the process, 
l/2 to 2 hours. 

2. Platin 
f 

of-the wire in an electrolytic bath of rhodium. 
A voltage of 1 volts was applied to the electrode&for 30 
seconds (figs. 7a and 7b). 

3. Nounting of the tungsten wire between u-shape' copper 
wire shown in figure '7~. The u-shape wire is to-be twisted 
several times to wind the tungsten wire around the copper 
wire after insertion of the latter into the hollow prongs. 
Proper tension of the tungsten wire may be established con- 
veniently by this method. The tungsten wire is then pushed 
into a notch at the rim of the supporting prongs. 

A -. Soft-soldering of the u&shape wire and the tungsten 
wire into the prong. 

5. Removing of the rhodium from the hot wire outside the 
solder joint by immersion into an aqua regia solution. It is 
found that the solder is attacked much more slowly by the acid 
than the rhodium, and no harm is done to the solder connection. 

6. Hicroscopic inspection of the solder joint and of the 
hot wire. 

Tungsten wires mcrunted by this method were found to be 
suitable for measurements in high velocity streams both in re- 
gard to strength of the mounting and- in regard to its elec- 
trical resistance, !Che photograph of a hot-wire holder 
(fig.81 shows the proport$ons for a wire of 0.5 centimeter 
length. 

Static Response Characteristics of Hot Wires 

at Constant-Resistance Operation 

If constant resistance of the hot- wire, or zero rate of 
increase of heat energy -in the wire,- dH/dt = 0, is assumed, 
the balance of energies supplied to, and dissipated by, the 
hot wire may be expressed by King's equation (references 1 
and 2). 
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3.4-P (2) 
.! 

Of interest is the variation of heating current wfth veioc- r. 
ity at constant hot wire and ambient afr temperature, 

. 

T-T, = constant, in:which case. it may be assumed that 
both k and c also remafn constant. 

The variation of heating current with unit variation of 
velocity may then be calculated from equation (l), using new 

constants' "kl T-T 0 = - k 
3.4R and ct = T-To c 

3.4R' 
I -- 

I(3) -- 

The variation of heating current for l-percent varia- 
tion of velocity is 

Finally, the percent,age of variation of heating current 
for l-per-cent variation..'of velocity is 

The'functional relaxions according to equations (3) to (5) 
have been plotted in figure 9 'for Ir: = 10 and c = 1. It 
follows that the accuracy of hot-wire readings., contrary-&t_o,_- .I.- 
general belfef, at high velocities is inherently su&br?or to 
that at low velocities, at least for constant-resfstance op- 
eration considered here. . . 

__.. _. -_ I.. - . . . 
c :. 

Response to $luctuations of Velocity ., . : 
. r c ,_ .-c : I i:: , .' - . s CI' ' . 

Lag of res.po;nse..of the circust,.to qarfations of veLoc.ity 
may he catised %tjy (1) l'ag,',df response of the hot wire, result- : 
ing in lag of the fnpyt signal- of thejgm.plifter.and (2) by lag 

r.,.:, . : -:. : . _ - ..::- . . . . i 
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of the amplifier and ourrent regulator tube, resulting in 
lag of the heating current with respect to the input signal 
of the amplifier. 

The time lag may $e expressed by the angle of phase lag 
of a simple harmonic signal. Let the angle ofphase lag of 
the hot wire be 'pl, and of the amplifier, qpz: Then the 
over-d.1 p'has e .lag is 

(a> Phase lag of the-hot wire.'-. Considering f-fret the re- 
sponse of the hot wire it is recalled that the resistance of 
the hot wire does not remain precisely constant. It6 varia- 
tions are related to variations, of kienting currant by the 
equation . . . 

i = I, [I 7 g',, (R - RafI ’ ,:-I: (6) 

Proportional changes of the temperature and the heat content 
of thehot.wire take place. The latttir ichuces a heat-trans- 
fer process requiring time,' which is the'cause of the tine- 
lag of respon-se. This time lag has been expressed by Drydcn 
and Kuethe for constant-resistance operation (reference 2) in 
the following forin 

. 
4.2 rr;?,(Z-Ra) 

. . 
M=, --- 

Z’RaRo .a $Za,)~ - 
0) 

m za 
For values of the transcoriductance obtainable with the basic . . 
circuit 

. 

L 

hence equation (5:) map" b-e. simplified to: r,ead : . .I 
-; 

,. 

M= - 4.2n CD 

ai", &ig no OL , . . . . . . I , ,. . : _,_, "_ . . _..- 
(9) 

The phase lag, ‘plI. of the hot--yir~g_r~spanse to a simple . , . 
harmonic varfstfqn .o'f 'frequency .n..i-.$ .may--then'be calcu- 
lated . ' : : .,* * ~ 

Tl = tan-' (-M2 rrn)'= tan-'(-Mu) (10) 

- 
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s When expressing the time constant in terms of.-the ohmic re- ._ - 
sistance 3 and the equivalent capacitance C. of the hot 
wire, M=EC (fig. lo>* 

‘ 

The minus sign in equations (10)"'and (11) indicates thatthe. * i 
current lags. ., 

It is seen from equation (9) that the'time lag of'the ~ 
hot wire decreases ai: the over;til,l.%ransconductance of the . 
circuit increases. v'.' . 

(b) E&$se Tag of tlie'.arbulifiey,- The amplifier stages 
are resistance~cougled, and the only source of phase lag there 
fore is the 'interelectrode capacitances .of the amplifier 
tubes. As-their"effect may be reduced to-a negligible amount 
by a small compensating condenser c'l.o+n.?n figures'? ' 
and 3, the amplifier operates at practically zero phase lag 
in the 'rkge'of‘frequ'encies 'encountered. : ., .._ * . 

(c),Byn'amiC. Ehar'&&*ristio$ of'circuit-yesnonse.- In 
conjunctioh with-the design of the hot-wire circuit, calcula-- 
tions -of the':response to'velocity fluctuations were made and 
the r~sblts.ari;:'shBwn in figure 11, in the form of curves-of 
angle df phase lag versus amplifier gain p' for simple 
harmonic var'iations of hot'wiro'resistance of various fre- 
quencies. "AIn.these calculations.the transconductance of the 
current-regulator valve was assumed to-have the constant value 
(g'm) Cr ~"'0.'005; The phase lag of the amplifier was assumed ,. ,'- /.." t. , 
to be' zero.'. .i .- 

. . 
The.calculations were carried'thrcugh for two different:< 

hot wires for which data is given in the following table: 
-, . > . . . -. :.- . . . . . *I .’ 

Type of wire I Platinum krire Tungsten Wire 

Diameter,?d' =. . 

I 

0.00025 ,centimeter . 
length.:'1 =' . -. 0.635.centimeter' * 

l/d = 2,540 

Current at zero 
veloqity-!io ='.': _ lOxlO+,ampere " 

- 7' '-. . . 
Time lag at gt,=50' M f a,o*gr; ,:';o+e 

second 

'.O.Q0061 centimeter 

0.635 centimeter 
i - .5 

1;040, 

20 X10-? ampere 
- 'r . . ..;.-? 

'-- w;= 11.35 x10-* 
second 
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The following conclusions may be derived from inspection 
of figure 11," '* 

.' 1. The residual thermal inertia of the hot wire is the 
principal factor in determining hot-wire rosponss. For maxi- 
mum response to fluctuation@ of-velocity of high frequency it 
is desirable to use as thin a hot wire as can be handled. 

2. For a given hot wire there exists an optimum gain of 
the amplifier in regard to phase lag and tube noise. Ampli- 
fier gain and hot-wire characteristics shoulhbo matched for 
best response of the circuit. (See sec. d.) 

3. Development of the hot-wire circuit for response to 
high-frequency oscillations call for high amplifier gain and 
for compensation of the phase lag of the amplifier,, which 
may easily be ac.complish.ed over a wide band.of frequencies by ! 
conventional technique. : 

(d) Limits f rmw.- Increase of overall-trsnecon- 
ductance decreaszs the time lap according to equation (9). " 
It likewise decreases the va.riation c?f hot_wire rooistancs 

\R - Eo) for a-givenvelocity veriat.ion apcording to cqua- 
tions (6) and (2) and thereby-the magnitude of the input sig- 
nal of the ampli;f,ier, wh!.ch varies i,nv.ersaly to the nmplif-ier 
gain. There exists a definite lower limit of input signal 
and consequently of amplifier gain, established by the magni- '_ 
tude of the tube,.noise of the first amplifier tube. As the 
input signal.18 reduced.to .thti order of'magnitude of the tube 
noise it can no longer'bs discerned readily nor be analyzed 
correctly. This -limit is reached as the input signs.1 is re- 
ducod to less than lO.microvolts and is approached in the 
design of hot-wire circuits. (See curvds e and f of fig. 
11.1 

Interference from tube noise can be reduced by the fol- 
lowing measures: . 

, (a) Operation .of the hot wire at high temperature 

(b) Choice of ,a tube of low .noise. level for the first 
amplifier stage 

Cc) Low amplifier gain 

(d) It is to be-noted that, all other things equal, 
tube noise affects the readings less at higher 
velocities than at low velocity 1 

c 
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. . . .*CALIBRATION " *- .' .'* 
, ,, -.. _*. .- . . . . 

,. , ., . . . . . -. (' - .' . : - -.; - ._ . 
A number of calibration tests were performch'to estab- 

lish the characteristics of the instrument experfme~~ally. .- . . I . ,:... 
.* : .- - . ,.-- :. z. ..,.. : .--' -;. "-L .h... ..-. _ .._ .' : 

.: . . . I : i :. 
Static"Calibrat ion . 

. . . ' '. 
_ . . . 

Calibr,at.ion t.ests. f-or 's'tati.c response included ~~rne,asif~'e:~. 
ments of the equilfbrium oo.nd%tions of varfous states oY.~o~!:" m-m 
eration with'out regard to%rans.'isnt phenomena. 

L -. ' . i f -' 
on ,of.heatixcurrsnt with velocity.- Th% '! --- --- 

static response o.f.the circuit to variations-of velocity past 
the hot wire was testsd by measurement of ths heating current 
required to-maintain the hpt tifre:at cob-slant ,t&peraturs. 
To this end the hot w-ire was suppl'ied--kZth a heating current, :. 
$0. at zero airspeed by adjustment of the.variable'bridge . 
resistor and then balanced. Once adjusted this balance was 
maintained automatically at all speeds except. for the small _ 
unbalance necessary.to.induce'doh~eii$afing action. Typical 
calibration curves,are gfven in ffgure 12, in'tihich the, 
square of the;'heating current,.. i,, . . . . 1 hasreb8en :plotted againkt -- 
the square,:rdd.t of the velocity, fi; for one'value,of 'i, 
each fdr 6,hree .different hot 'tiires'. 
tested 'to 34d fe.et per second, 

Tli'ii platinum .ti<ri &as .- 1Y-c 
-the highest velocity i.k w&s 

believed capab,ls .of.sustaining. without suffering'p'ernianent 
strain, -.the other ,wirOs to the ma.%imum airspeed'bbta,inable 
with: the 't:eFt equipment., At first-the hot wire wks. placed -' -. 
in the,'stream from a nosYpIe p1ac.ed.o~~ disc-harg'e &ide-%f'the 
blower (an 'a&craft-type supercharger). This was found to 
be unsatisfactory, however, because of large disturbapces of 
hot-wire readfngs,.which soon were traced to-tetig~r&%ure~lami- .,. _._ 
nation in the air stream originating in the blower. After 
placing the nozzle on.inlet side*..of.the blb'ne$;these disturb- 
ances vanished aad'the results of figure 12 were obtai,n.e$ ,, 
without furt~h?.r,,d~(ficulfg.-: :, .. ._ ::"? .:r.‘:zL--. =.a. . .__a. -* 

--:' , -. ;..; 
. . -- . . >.-.' Y",; , . . 

'It-is ieb'n ,thai 't'he 'curve.'for platsnum 3evf&t*& &orn-~ai"- " 
:; 

1 straight t'lin'e' ,-at's v&dcitg 04 150 feet. .- 
at ion from' s't'raI;gh:t' 'l;ine in .the Lsp 

,er , 68 c o,n& ;' ? .<Th,e: 'de-i: 

by strain o-f' .th'e*"&'ire'. * 
1.2. - v d7iagy&a f- 'c&-&e'&.' ' '- 

S'train'effects depend on factors npt 
_ - 

- readily controlls,at, such, as the sag of .thie wire:;- a'hd' shou>-d: . . 
therefore ' b'o 'lo.)&&for. .espec.&elly- in hot-w.i're ~cal~ibr~ati~oq, . 

:: . 

since the bc'currence"of"strain'prod'ably establishes an upper- 
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limit for the velocity range for which a hot wire may be ap- 
plied. In the case of the nickol,wi;rs'-and the Cungston wirs, 
strain effects did not become apparent within the range of 
velocities tested. 

(b) Linearity *of instrument reading-with'velocity.- -1t ?-- -- 
was found that the variation of plate current of the non- 
linear stage could be adjusted readily so as to be linear 
with the variation of wind velocity past the hot wlrc. This 
is effected by adjustment of the-screen voltags of the non- 
linear stage, It may be done without the use.of an air-jet , 
by reading the variition of plate current which takes place 
as successively various currents (1" io) related to the wind 
velocities by the heating current-velocity characteristic of 
the hot wire' are impressed upon.the current supply terminal8 
of &he Wheatstone bridge to flow in.opposite-direction to 
the heating current io. Linearity, which may be thus estab- . 
lished: readily over all but the-first tenth of the range of 
velocities, may be checked in the air stream, 
calibra,tion test are given in figure 13. 

Results of a, !, 
* 

(.o) Dsrectional characteriatjcs.,- Hot-wire readings'..‘of ,' 
.. the instrument with linear characteristic taken at constant 

velocity but varying angle of incidence 8 between direction. : 
of flow and hot wire are plotted in.fi ure 14. 

J- 
-- The figure 

also shows in dot-and-dash lines the sin20 curve, and it 
is seen that the calibration curve displaced a few degree8 
fOllOW8 this d8in"B curve with reasonable approximation, 
except in the range from 0' to 6' ang,le of incidence. It 
can be stated that the hot-wire instrument measures the com- 
ponent of velocity in the transverse plane of.the wire. 

Calibration $or Response 'to'F1uctuation.s of High 
b. 

Frequency and Large Amplitude 
. . . 

(a) JZ&zofiuare-mve teat&g.- The theory of the 
square-wave method is based upon the msth'em&tics 0.f the Unit 
function of Fourier's ,series (references 4 and 51 The theory 
and application.of square-wave .testiing of alternating current 
and,:electronic circuits has been discussed in reference 6, '* 

..r .i -- . . '. 
,With reference 'to-its ap$lication to hot-wire ree@o.nio, 

it may Safely be a88\lmed that interference betwecn.statesfof . . 
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. operatdon which are more than half a period. of the square 
wave apart are of no concern. .tiF,or..$his.reason the theory may 
be confined to-t~h~e~-s.tudy 'hf.:.ths'~-~.B‘st~ntaneous change from one 

a condition to another- co,nd$Qyon, 'Gh?ere'both the initial and 
the final conditions are maintained constant over an indefi- 
nite period. This change is represented graphically by curve 
a Of figure 15.' : ., :.. ,c tZJ.tG.iC*f - - . -; 

. , . 
Iquivalent.-circuit.- The~.'ohBrEcteristics of the hot-wire 

circuit are represented by the equivalent electrfcal circuit 
(ffg, 16). A decrease of~.veloc~Q? past the.hot wire corre- 
sponds to an increase of curre-iit through 'the aquivalent cir- 
cu¶.t. The resistance R and the capacitance 0 represent 
the resistance of the hot wire anpita residuas thermal incr- 
tia as well as the reduced capacitance of the circuit. Vari- 
ations of the resistance of the hot wire, which in a circuit 
with automatically balanced bridge iresmall, are not taken 
into account in the equivalent circuit. 

: . I. .-a- - 
Suddenly applied voltage.- The instantaneous application 

of a voltage is described by the function: ,. ,' 
$Jk . 

. ---- 

/ 

E 
61 * c. 

G sin (wt) du, 
vJ=o 

Let the resistance R, (fig. 16) be .of such magnitude 
that the effect upon the current i through the circuit of 
the oombi-ned impedance 

_- 

2 
R ,, a-‘c R” . 

= 
1 + w2 c2 2 - 1 + Lus CQ" 

,, . . :; 
. i *...; 

of the resistance R and the capacitance C. acting in paral- 
lel may be neglected. In that case the equation for the cur- 
rent is: ._ 

and the potential ecrdss the resistance R or capacitance G: ._ 
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where cos(wt) has bekn substituted for j sin(wt). 

" The first integral- in'.brackets is of the form 
I ', 
'I 1 

. . -- sin(mx)dx 
x( 1 +x2) I 

1 ' . . . 
as wili,be seen when substituting 

,' 
X = WBC 

m t =:- 
RC 

its value is (reference 7, item 446) 

rr v--e -t /RC 
2 

1 

'Pk;e second integral in brackets is of the form 

. 

l - 

J --..L-- 
1+ xa 

cos(m x:d x 
0 

X and m denoting the same quantities as above. 
of thfs integral is (reference 7, No, 263, p. 27) 

The value 

2. 
2 

Xhea substituting these values, the function P =f!t) be- 
comes. 

e =z R [l-e:' ] 

This relation is represented by curve b, figure 15, 
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* Geomatrical repreqsntat:ion of. th.e time candstant..- The: 
quantity . BC has been .recqgni:qe.G.as the time lag M. (See i- 
sec. on Etespo-nse to, Fluctyati~ons~~of.Vel,ocity.) This quanti- 

. ty may be related to .th.e response.purvq of an dnstantaneou8 -- 
change, curve ? of figure 15, 
shown below: 

in two distinctways, a6 .- 
. 

1. Differentiate the' equat!o'n ?or . e 
I* ~ 

of'thelpr.eceding 
paragraph with respect to time-at t = 0 z 

where jI = 3 a- 
21 .!: the.voltage.of the-final state . _ 
s' *-1 : 

.q,--. _ -- r E 
when rearraqiing:l:-N.= RC % - . . :. . . ~~, : which%. -; 

2. ,s; . 
. : 

. 'represented,by'the distance l-2 in figure 15. 
: . : , - 1 . . 

2;=lCalbulate the:ordinato df the response-curve, curve b . . .a..* .'of figure.15, forythe time t = RC‘-='.M 
- 

..: . a'. . - . . . _. - 

. 

‘-1 

= E (lie 
. . . .:; .:.y t: I 

(e) t=RC ) = 0.632 E 
' .-, _. . . . . . . . . ..: . . ..: . . . ; . _ .': . . . .; 

: --.. ‘. 
-. . El -... _ . - I . ._ s - 

where, E = p -9,' as above: '. 
_ . . . 

, . . . - , . 
-- 1 

‘, . . 

From 'this ':;t' doi?c,s 'tha,t the .time constan-t 
.-L 1 . * 
M may'bo 'ob-' 

tained as :t.he ho.rizontal.distance from the'start of the re- 
sponse GqrY:e td ih6 ordjtrrate e .;=;0.63i& . . . - : : c . . . _ 

-. :,. ,. . . . , 
BesDQ 8 to , i . ,- . '. r.. -; .. 

oni s antan i;u c 
rical :coiis-~r~c~io~.fo.:: tY is'dds t 

h'a&hes:- Thee$i,;at-ge6ti.et.-.- 

applied ,to :t$.e 
en .ical to. tha'constructidn . 

reference :S 
r'es-i.op,s_e '@u$ve To'f'1.a ,harmonic. dist.ur.b,,a.ncd.. *, (See 

,,,Ap,.. 12. I'... Q.'may be 'concLudcd 'from :this ithat th.o 
time c.o,nsf.ant ,may .be obtained'bx. jeithnr geometrical 'oonstr.uC- *-' 
tion e'ven in'oased where the or'iginal'im$ulse'Vis not.'instan- 
taneous, provided the curve of the applied voltage is known 
and compensated for by a corresponding horizontal displacement 
of the response curve, , -7:. 

Tho relations established in this section derived for a 
simple electrical circuit may be applied to the calibration _ 

- 
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Of a hot-wire circuit as it has been shown in the section on . 
Rcsponsc to.Fluctuations of Velocity, that the' combined char- 
acteristics of a hot-wire and its circuit may be expressed La 
through an ohmic resistance and'an equivalent capacitance op--. ‘ 
erating in parallel. l 

(b) Pallbrating device for ysauare-,wave testing of 'th.e 
hn_t..- Chan'g'es .of operating Wcondition of the hot wire ap- 
proximating those of square waves are produced by oscillating 
the hot wire at right angles to an air jet. The hot wire is 
arranged in such a manner that at the midpoint of its stroke, 
consequently at its maximum velocity, it enters the air jet 
simultaneously over its entire lsngth. The axis of the wire, 
the direction of the air jet, and the direction of motion of 
the wire are at right angles with respect to each-other. The 
mechanism .of the calibrating device is shown in figure 17, 
which is believed to be self-explanatory. 
stroke of 4* 

It operates at a 
inches and at a frequency of 30 to 60 cycles per 

second.. The velocity of the air stream may be varied from 0 
to 400 feet per second. 

In using the calibrating device, account must be taken 
of the fringe layer sepayating the free jet from' the surround- 
ing stagnant air. It should be reduced to minimum thickness 
by removing the boundary layer.of the nozzle (see'fig. 17) 
and by traversing the'jet,close.to the throat-of the kocele. 
Correction-must be made for the remaining fringe layer in 
evaluating. the calibration records. 

A sample oscillogragh obtained with the square-wave cali- 
brating device from a circuit with considerable tim.e lag is 
shown in figure.18. . . 1 

- 
.Weasurements of the time lag of the hot-wire instrument . 

with battery supply 'and with.a tungeten wire of 0.00061 centi- 
meter diameter and.O-;8Q centimeter' length, carefully adjusted 
for maximum response indicate that in this case M fs of the 
order of 10 X 10aa second. FTecise neasurements,however; 
were not possible, chiefly because of the disturbing effect 
of the fringe layer upon'the &dasurement. Fyrther development 
of the squa?e-wave testing! device i$ nbceesary;to .achieve I s 
higher speeds of the hot Wire as: it ente$s.'the'air stream and- 
thereby.higher precision ~~f'm~as~u~~m~n~"of'small.~ine lags-. ' . 

I 
c 

. , . .  .  

I  

.  .  

.  > .  

I 

: :. 
! . . . .I 

- 



. 
. M%AQUREtiENTOF MEAN VELOCITY OF AI?.AIR STREAM 1 - . . . . ., . 1 .- : . 

'The hot-wire instrumehf as described in the preceding y 
par&graphs was-ased'for measuring 'the mean velocity in two 
distinct cases, namely; (1) In a flow of varying velocity 
but of uniform direction in which, moreover, both the mean 
velocity and the character of the fluctuations could be ascer- 
tained precisely. (2) In a flow-of cyclicly varying velocity 
and direction in-which other measuring devices are not pre- 
sumed to glye pre,,cise results. - . 

. '. . z . . ‘ r *a.. .-- *ci-e.l (I. -\..- .:- . ..*.- ._- ,-L .- I; -. .- - L . . . . 
A, .; . '. geasurem'ent of Rectflinear Flow t 1: --I- ' I' ;.. .z _- . . 7.' :> . : .-1 '-T- 

.The.hot Gire-&as mounted on a shaking deiTYce osIc&lating 
at 'from 30.t'o '6O'cycles per second through a stroke of 6 . 
inches in an atr stream parallel to the direction of fLcw.. 
The air stream was produced by a nozzle of 8 :inches diameter, 
its velocity could be varied from 0 to 400 feet per second. 

The tests then consisted of shaking the wire at various 
frequencies and at various.velocities of the air stream, 
while at the s'am'e ti$e observing the cathode ray oscilloscope 
and taking re.ad:in.g? o'f the,nonlinear stage. _ . 

,I I. - . . .- . , ,,I- _ -z---s .. 
. The readings of th'e:mean velocity confirmed the antici- 

pation as it retiained the s'Einf$%hether or not the hot wire 
was shaken, except in case the airspeed of the jet was less 
than the maximhm' &peed.of the shak&?.~m.atian. 

I - . 
'The'~oscillogr*aph observation was less conclusive than 

the%'&+ readings since it is difficult to detect sligh%..de&- 
ation from a sine cur’v’e. Distinct indication, however;was ob- 
tained from the osc$llograph as-soon as the direction:of rela- 
tive velocity reverses -that is, ,the case referred to abode - 
when the instrument ceased to read the mean velocity;, .J*: 

Measurements of a Field'of Flow of Varying . 

'. , Velocity and I)irection _j ._ i -t-. :'; 3 j:.;.,,f;- ..‘, -- ,t : ;jy . . 
- An"&+esfigaf'ion was '&,kiae'df the possfbtlit$ tif3IIea9Ur- 

ing the~mea&'axia~ Velocity; *ai:.tiGll as the Snstehtazieous ,' . 
axial-velocity components at the discharge of asrotating blade 
royr 'C ;;A rotating,,axial-flow blade grid of 36-inch tip diameter _ _ __ * *- . i -i c-- ;- I, ,.' _. - t _ 5 . '2 . ; - .-, 

y,-. I *' ":y 
e-;:r-:.-. ;'i ,+* 

._ . . . _ ', .-.-:" .i .:P.. -. ' : L.,- -.i. 
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a&inch hub diameter, consisting of 12 blades of 7-inch chord 
and 8-inch span; rotating at from 600 to 1000 rpm, was avail- 
able (reference 8). Directly'downstream of this grid and rp- 
tating with it was-mounted a pitot tube by means of which wake 
traverses could be measured while the grid was in operation. 

Hot-wire measurements were obtained bn this blade grid 
by placing a' stationary hot wire at mfdspan radius of the 
blades approximately 1 i’nch axially downstream of-the trail- 
ing edges such that the hot wire.was directed in the plane of 
rotation tangential to a circle concentric to the axis of ro- 
tation. The hot-wire instrument might then be.expected, ac- 
cording to &he section Directional characteristics, to give 
readings of the axial velocity components. The instantaneous 
reading was made visible on the screen of a cathode-ray OS- 
cillosc.ope. To this purpose the sweep circuit-of the oscillo- 
scope was synchronized with the rotation of'thd'rotating grid 
by .photocell circuit such that the velocity pat.tern, of only 
oneyblade interval appeared on the screen. An oscillograph 
thus obtained at midspan for 700 rpm .and 120 feet per second 
mean axial velocity is shown in flgurs 19. At the same“tiqe, . 
mean readings of the hot-wire instrument were taken. 

The oscilloscope was evaluated from the known calibr'a'tion 
characteristics of the hot-wire instrument and the deflectlon- 
voltage,ratio of the oscilloscope, y'ielding the variat.ion from 
mean of the instantaneous axial velocity and In conjunction 
with the m.ean reading of the Instantaneous velocity.' 

Corresponding pitot tube measurements of a wak.e traverse 
relative to the rotating grid were evaluated to gPve a profile 
of instantaneous axial velocities. In this oase'variations 
of direction of the relative velocity which,were not measured.., 
had to be disregarded.' The profiles of the'axial-velocity'. ,.~ 
components obtained from hot-wire readings and from.pitot tube 
readings in the rotating system, shown-in figure 20,show rea- 
sonably good correlation. 

CONCLUSIONS , 

. 
The investigation has shown *hat hot-wire circuits of the 

type describad, operating at essentially constant resl.stance 
of the hot wire, respond to fluctuations of velocity at very . 
small time lag. . 

It is possible, by means of a suitably adjusted amplifier 
stage, to obtain instrument readings proportional to the veloc- 
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. 

. 

ity of a ,flow of 
tion. 

fluctuat*ing veloci.ty and o~.:co~tppL,diircc--.'; . ,.I .*- '- i . . _. . . _ .._ .-. .L I .? . - ,-..L .1 
._., '. . . ..-. . 

Directional calibration of the hot-wire in.i't‘rument with 
linear reading reveals. that within a wide range .of.variatione' 
of dir'ect.ion it is possibi.&.tb obtain readisgs~of, the velocity 
component normal to the hbt'wire, from whi+,+it is concluded 
that in flow of varying velocity and direction the mean veloc'- 
ity component normal to the..hot wire may be measured... .. . ,. . . . .- .- . I . - 

At high velocities both'tbe strength and the strain sen- 
sitivity of hot wires must be considered. It appears that in 
this.resgect tungsten wire is most suitable.. Suggestions':are 
made for mounting tungsten wires. 

.- 

Aerodynamics Laboratory, 
Case School of Applied Science, . 

Cleveland, Ohio, December 13, 1944. 
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TABLE I.,- CIRCUIT CONSTANTS, BATTRRY-OPDRATED INSTRUMENT 

Rl 

R3 

R4 

X6 

Rt3 

R7 

RB 

2,000 ohms 

5,000 o.hms 

30 ohms 

100,000 ohms 

500,000 ohme 

JO,000 ohms 

3 megohms 

10 megohms, 

690,000 ohms 

R 10 3 megohms 

R 11 

R 18 

R 
13 

R .* 14 

R 15 

1 megohms 

5 megohms 

500,000. ohms 

5 megohms 

iOO,OOO ohms 

. . 

. I 

. 

A, and Aa 

A3 

A4 

Bl 

B, .' 

83 
* ! 

s,. mdf sp 

s, and.. s,’ 

G 
* . 

.Dl 

D2 . 

ILN6.tubes 

ISA6 GT tube 

1 to 4 IS4 tubee 
in parallel 

filament switch 
on R5 

.filament'switch 
on 213 

filament ewitch 
.on R5 

+I‘80 -volts t.6 ground 

4-90 volts to ground 

ground 

-9b volt8 to ground 

-180.volts to ground" 
. 

galvanometer . . . *- 
(Oto 75) milli- 

ammeter - 

(OtolOO) micro: 
ammeter 
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Rl 

Ra 

R3 

R4 

R6 

R6 

. :. 
27 

R8 

RS 

RIO 

Rx1 

R1a 

CURREBT SUPP,&IED INSTRUMEXT 7 : #d ., er< ::,;:- - ,. . . -., I r 

2, ooo '&& .-r : ': . . . . -:'. .(O 'to 100) mflllammeter 

500,000 ohms A, , Aa.; Ad 6AC7 tubes 

1.2 megohms ,1 A4 6-T-6 tube _. *. :. I a., . :. r 
200,000 ohmq+, c\ : ",F .', l/4-watt neon bulb 

..-: _. ._ 
1.8 megohms i .a .- . . . " i' 'i.2 _. .: y . LL . . f. .-- : 
100,000 ohms Bl sw.i:.ch OQ R, control 

y. f .$ ,a" 1'. ( :‘ : . 

R13 ';. i: : 50,,000 ohms .;.:y.,~p!r- ..,- t:.t .' a -3 .,. ; . For supply voltages at points 
. -. 

50,000 ohms!+ 
s.,' I; t 6 s, ', see figure 4. y :- 

R14 , . - :I 1 z ~ ; '.-. i;.-. ,: t$-- 

R 15 1.2 megohms -, r ,. * . A , C' ; -* . : :: I : :: ! * ' 1 rr r.' . ‘2 - 
R 16. 1,000 Ohms . i ., -. 1 *.- ,. 2 , . , . ,(Se .- +&,..6 volts d..c. . . . . . : .' i. ., '. ! - ,. --- .. . ?:I .- 

I .,, ‘. ? : * - , :.-. '. ),'.t,' *: . . . ; r-' 

: 
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(Ll - La) 

oJ3 - LJ 
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TABLE III 
, - 

.- POWlm SU~pY 

'A . Thoidarson, T-13312 0.~. yqulvalent,. 

I Utah, 660 or eqyfsrvalent ,-; 
. . l . 

* ._ 
Thordarson, nr ( . . ..I ..-* T-l9?P$4. or equivalent !. '. 

c 1, cat c,,v,c,, c, electrolytio condenser. 20 MFD 450 volts . I ,' ,. .;.. . . . . . ( . ,I b. 

% . . 16 MB'D . ..' 1 , I 
-- -. - i-:. 

Rl 1: * i :,t:' ;: ? . ,... . 460 ohis, l/2 watt' " ' . f' 

. 

'SO00 Ohrcs, l/2 watt ' ' 
: ’ 

" 
, : :: 

1. 1'60 oh&, 10 w&s " ' -. 
r .f 

200G'&ms, 2 watts 4 r '. 
, r 5 : : 

1000 ohms, 50 watt, with'adjuatabie tap 

iOO0 ohms, l/2 watt' * "'! 
J I 

700 ohms, f watt .: t" 

76 ohms, with adjustable tap 

7500 ohms, 1 watt 
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T ENPERATURE 

HOT WIRE. CIRCUIT 
WITH VERY SMALL TINE LAG 
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CATHODE : ------------a--- 
(GROUND) (SROlJNaD 

-HEATIN CURRENT 
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I 

-fl -. 
FIGURE I.- COMPONENTS OF THE HOT WIRE INSTRUMENT, SCHEMATIC. 
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FIGURE 4.- GIRGUIT OF POWER PACKS FOR A.G. SUPPLIED IiWTRUMiNT. 
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AMP= 

w VELOCITY * 

DEVIATION FROM KING’S, EQUATION 
AS A RESULT OF STRAIN SENSITIVITY 
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FIGURE 6 
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HOT WIRE HOLDER FOR TUNGSTEN WIRE 
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SCOTCH TAPE 

(a) )-iOT WIRE PREPARED 
FOR E LEG-I- ROPLATING 

c 

MOUNTED Tth3TEh’ not WIIOE, 
AFTER So~DERltd6. 

PINCERS MuIt MAKE PINCERS MuIt MAKE 

GOOD PLBCTRlChL GOOD PLECTRlChL 
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CDNNECTlON TO 
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0 b ELECTROPLATING 
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TfltN 8RAe 
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Figure 7. 
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Figs. 9,iO 

-0 100 20Q 300 400 
YELOCITY, FT/SEC. 

STATIC RESPONSE CHARACT,ERISTIGS OF HOT WIRES 
AT CON STAN T RESISTANCE OPERATION 

FlGURE 9 

. ELECTRICAL EQUIVALENT OF- THE 

HOT WIRE 

FIGURE IO 
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LEGEND 

Fig. 11 

C&v8 (a), for Pt wire at 5000 cycles, l/d = 2540, ' 
.00025 cm dia 

Ourve (b), for Pt wire at 10000 cycles, l/d = 2540, 
.00025 cm dia 

Curve (c), for W wire at 5000 cycles, l/d = 1040, 
.00061 cm dia 

Curve (cl), for W wire at 10000 cycles, l/d = 1040, 
.00061 cm dia. 

Upper limit for ~1 1 for 10 percent maximum liaise in the 
reading of a 1 percent velocity variation at mean operat- 
ing conditions. 

Curve (e), for Pt wire, .00025 cm dia 
Curve (f), for W wire, .00061 cm dia 

DYNAMIC CHARACTERISTICS OF CIRCUIT RESPONSE 

FIGURE II 
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--A005 CM. DIA. PiATlNUM 

VARIATION OF HEATING CURRENT WITH VELOCITY 

FIGURE I2 
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CALIERATION FOR LINEARITY OF READING WITH VELOCITY 
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FIGURE I3 
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DIRECTIONAL CHARACTERISTICS OF HOT WIRE AT CONSTANT RESISTANCE 

FIGURE I4 P 
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RESPONSE TO AN INSTANTANEOUS CHANGE 
OF VELOCITY 

FIGURE 15 

EQUIVALENT CIRCUIT 

FIGURE 16 
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NOZZLE 
LEAD TO THE 

OT WIRE INSTRUMENT 

CALIBRATING DEVICE FOR HOT WIRE RESPONSE 

FIGURE I7 
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I ALTERNATIVE DESIGN OF THE q 
NOZZLE FOR A VERY THIN 
TRANSITION LAYER OF THE JET 
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FIGURE 18: OSCILLOGRAPH OF 
WAVE CALIBRATION. 

SQUARE 

FIGURE lg.- INSTANTANEOUS VELOCITY PROFILE., 

. 
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80 I I 
OSCILLOGF ?APH OBTAINED BY 
HOT WIRE METHO 1 

I I II I I 

OMPONENTS 

FROM PITOT 
TUBE TRAVERSE 
IN THE ROTAT- 

COMPARISON OF AXIAL VELOCITY PROF 
ROTATING GRID OBTAINED WITH A STATI 
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IO. 
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FIGURE 20 


